We describe a 8085 microprocessor interface developed to make reliable timeperiod measurements. The time period of each oscillation of a simple pendulum was measured using this interface. The variation of the time period with increasing oscillation was studied for the simple harmonic motion (SHM) and for large angle initial displacements (non-SHM). The results underline the importance of the precautions which the students are asked to take while performing the pendulum experiment.
Introduction
The simple pendulum is a very trivial experiment that physics students do in higher secondary. Yet students sometimes fail to appreciate why 'the initial angular displacement of the pendulum must be small'. An interesting letter to the Editor in Physics Education (UK) points out that the pendulum's time period increases by only 1% for a pendulum oscillating through 30
• . Teachers definitely put 30
• as a large angular displacement, but a 1% increase means that the time period for this non-SHM is only 10 ms more for than a pendulum undergoing a SHM whose time period is 1 s. Thus, students question the very need for the precaution of small angle displacements since variations as small as 10 ms are very difficult to measure using stopwatches. Since computers (or microprocessors) can in principle make measurements in microseconds, we were tempted to study the simple pendulum using a microprocessor.
The interface
The microprocessor is essentially made up of digital devices, which communicate among themselves in binary language, i.e. in ones (1) and zeros (0). To find the time interval of an oscillating pendulum, we kept an arrangement of laser source and light-dependent resistor (LDR) such that the pendulum's bob cuts the light's path during its oscillation. As the bob cuts the path, the light is momentarily blocked. This produces a change in current generated in the LDR. For the microprocessor to communicate and understand this change (analogue) in current, it has to be converted to TTL compatible digital voltage. The conversion and subsequent wave shaping is done using the circuitry shown in figure 1.
The microprocessor program required to record the oscillation time period is similar to the program required to determine the frequency of a given square wave. By finding the frequency of known square waves fed from an audio function generator the reliability of our program [1] was thoroughly checked. A systematic error of 17 µs was found to be present in the values measured. Also, the quartz crystal used as a clock for the microprocessor kit was 6.2 MHz. (Book [2] states it is 6 MHz, however, it depends on local manufacturers.) Thus, all results of time measurements were multiplied by 0.968 (=6.0/6.2) to accommodate this correction.
To further verify the sensor circuit along with the program, we measured the time period of oscillation for various pendulum lengths (L). Figure 2 shows perfect linearity between the pendulum's length and its time period squared (i.e. T 2 ). This is expected in accordance with the equation relating the time period of SHM oscillation to length, i.e.
where 'g' is acceleration due to gravity. The agreement between theory and experiment gives us confidence in the designed measuring device. While the pendulum in SHM experiment is done as a matter of routine in schools and graduate colleges, we report here the results of our measurements made when the initial displacement of our pendulum was large (non-SHM motion). The time period of oscillation of a pendulum oscillating with large angles can be found by solving 
The above equation would represent the case of SHM when the condition sin ∼ is achieved. Finding the time period of oscillation of a pendulum's swing through large angles is not easy. In fact discussions on large amplitude oscillations are rarely carried out because there are no analytical solutions for the above differential equations. In fact, the solution is expressed in terms of elliptical integrals [3, 4] 
Hence, equation (2) is either solved numerically or various approximations are used. Of these approximations, the most famous was given by Bernoulli in 1749 [4]
where T o is the time period given by equation (1) had the SHM condition been satisfied and m is the maximum angular displacement given to the pendulum. Equation (4) would suggest that for whatever initial displacement the time period of oscillation (SHM) can be calculated using a correction factor 2 m 16 . The question then arises 'why fuss over small initial displacements?' Also, the error in 'g' calculated from uncorrected data is less than 10% for initial displacements below 45
• , which is quite a large angle. This might be well within the limits of experimental error, induced by the measuring devices such as scale and stopwatch. It should be noted that Nelson and Olsson [5] have determined 'g' with an accuracy of 10 −4 using a simple pendulum by including as many as 8-9 correction terms. Thus, the importance of maintaining small initial displacement while performing the experiment is still not convincing. In the next section, we report the measurements made by our microprocessor interface and try to address the questions we have asked above. Figure 3 shows the variation of the pendulum's time period with 'n' oscillations. While for small initial angles, there was no or slight variation in time period, for large initial displacements, namely 20
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• , 25
• and 30
• (since the pendulum's support was not perfect, we restricted our experiment to a maximum angular displacement of 30
• ), the fall in time period with increasing oscillations was pronounced. The fall is better appreciated by plotting the normalized data (T /T 1 ).
The fall in time period seems exponential. Since the experiment is not ideal, one can expect damping to play a key role (the decrease in amplitude was visible to the naked eye). Damping appears due to the drag present on the bob as it oscillates in air, a viscous medium. This drag is proportional to the velocity of motion (i.e., first-order differential of ) and hence is expected to attenuate the amplitude of oscillation exponentially with time. Thus, equation (4) can be written as
or can be written as
Equation (6) implies that if the pendulum experiment is performed without taking the necessary precaution of small angular displacement (to get simple harmonic motion), one would have to filter out (i) the large angle correction and (ii) the damping coefficient.
In the case damping is not present, the correction for large angle is trivial (using equation (4)). However, filtering out the damping factor would not be trivial. Table 1 lists the coefficient obtained by curve fitting. Figure 4 shows the plot between the damping coefficient (β) and the angular displacement. The damping factor is nearly constant for small angular displacements, however, it shows a rapid linear increase for angular displacements above 20
• . As can be seen, the variation is similar to that of the IV characteristics of a diode and as in that case, we can extend the linear region to cut the 'X' axis and look for the limiting initial angular displacement which does not show a sharp exponential fall in oscillation time period. This works out to be 11-12
• . Beyond this limit, the damping coefficient is large and pronounced. Kleppner and Kolenkow [6] have discussed the nature of β and have stated that it depends on the shape of the mass and the medium through which the mass moves. The amount of frictional force depends (6) to the experimental data of figure 3 . The last column lists the correlation of fit with respective data points. on the instantaneous velocity (d /dt) of the pendulum (β being the proportionality constant). However, this nature of the frictional force (F = −β d /dt) is restricted to motion where velocity is not large enough to cause turbulence. Beyond angles of displacement of 11-12
• , the frictional drag might not be following the linear relationship with velocity. This however needs further investigation. However, what is evident is that for large angle oscillations, the damping coefficient is large and has to be experimentally determined and one method to do this would be to measure the time period of each successive oscillation. This is obviously a difficult task if it has to be done manually. Hence, 11-12
• may be considered a small enough displacement to do the pendulum experiment.
While the pendulum and its time period of oscillation in itself is interesting, it is usually used to evaluate the acceleration due to gravity. Teachers insist that students do the experiment with small angular displacements. Students do this without appreciating 'why' and as to 'what is a small angle'. Let us consider what kind of variation is expected theoretically if this precaution is not adhered to. In the undergraduate lab, a student manually records the time taken to complete 40-50 oscillations [7] from which the time period is calculated by dividing the total time taken by the number of oscillations measured in that time. We call this T av (average). This T av would only be equal to the oscillation time T o (as intended in the experiment) when the angular displacement is small, which would result in each oscillation (one complete cycle) taking equal time. This obviously does not take place for large angle displacements since damping is pronounced and, as the number of oscillations increases, the oscillation period decreases. Thus, using T av obviously leads to erroneous results.
Consider the effect of erroneous inferences on the result for 'g'. If no correction is made for damping and displacement, the variation in 'g', calculated using T av (listed in table 2), with angle would increase ( figure 5(iii) ). The effect due to damping is the most difficult information to filter out in an experiment done manually. The fall in time period after the 80th oscillation is only ∼20 ms for m = 30
• , emphasizing the impossibility of measurements being done manually. If the student, unaware of damping, corrects results only for large angles (i.e., uses equation (4)), the variation of 'g' with angle would be as shown in figure 5 (ii). The true constant nature of 'g' (figure 5(i)) is only obtained when both corrections are incorporated.
Conclusion
By doing the pendulum experiment with large angle displacements, calculations become complicated; information has to be filtered out regarding the effects of large angle displacement and the damping factor. The damping coefficient is related to the initial displacement itself.
This information can only be processed if the time period of each oscillation is measured. This is quite impossible manually and only a microprocessor interface is capable of highlighting these features.
